The final destination of the majority of proteins that have to be selectively degraded in eukaryotic cells is the proteasome, a highly sophisticated nanomachine essential for life. 26S proteasomes select target proteins via their modification with polyubiquitin chains or, in rare cases, by the recognition of specific motifs. They are made up of different subcomplexes, a 20S core proteasome harboring the proteolytic active sites hidden within its barrel-like structure and two 19S caps that execute regulatory functions. Similar complexes equipped with PA28 regulators instead of 19S caps are a variation of this theme specialized for the production of antigenic peptides required in immune response. Structure analysis as well as extensive biochemical and genetic studies of the 26S proteasome and the ubiquitin system led to a basic model of substrate recognition and degradation. Recent work raised new concepts. Additional factors involved in substrate acquisition and delivery to the proteasome have been discovered. Moreover, first insights in the tasks of individual subunits or subcomplexes of the 19S caps in substrate recognition and binding as well as release and recycling of polyubiquitin tags have been obtained. D
History
The identification of the proteasome as the proteolytic machine degrading those cellular proteins in vivo that had been tagged with ubiquitin [1] constituted the ignition spark, which led to the explosion of knowledge of a new regulatory principle of eukaryotic cells, now known as selective proteolysis via the ubiquitin-proteasome system (UPS). This system is unique in cellular regulation as-in contrast to phosphorylation/dephosphorylation of a protein-it allows a complete shutdown of function of a selected protein molecule due to its irreversible proteolysis. Interestingly, this field of cellular regulation evolved from two different angles [2] : one line of research led to the discovery of ubiquitin, its modifier function in protein degradation and mechanistic aspects of the modification mechanism [3] [4] [5] [6] [7] followed by the genetic-based discovery of cellular functions of ubiquitin-linked elimination of proteins [8] [9] [10] [11] . The other line of research had started out with the discovery of high molecular mass particles with possible proteolytic activity termed cylindrical particle, prosome [12] [13] [14] [15] [16] [17] [18] [19] , alkaline protease [20] or multicatalytic protease complex [21] [22] [23] [24] . All these proteins had in common that they were of cylindrical shape, had a sedimentation constant of about 20S, were about 600 to 700 kDa in molecular mass and consisted of a variety of subunits of different size.
The finding that the 20S cylinder particles and prosomes were identical with the multicatalytic protease complex [25, 26] led to the proposal to name this complex proteasome [25] . A similar protease found in yeast, proteinase yscE [27] , turned out to be the equivalent of the Drosophila and mammalian proteasome [28] . The identification of a 26S protein complex, which contained the 20S complex as a core [29] [30] [31] , extended our knowledge of this proteolytic machine and laid the basis of our present understanding of many mechanistic aspects of the now called 26S proteasome.
Discovery of an ancestor form of 20S proteasomes in the archaebacterium Thermoplasma acidophilum [32] was crucial for the structural dissection of the 20S particle. Thermoplasma 20S particles are built up of two types of subunits, a and h. It was proposed that these two subunits are the ancestors of the different a and h type subunits gradually found in eukaryotic proteasomes [33, 34] . Electron microscopic studies [35, 36] uncovered the basic architecture of the Thermoplasma proteasome. It consists of four rings of seven subunits each, whereby the two outer rings are composed of a subunits and the two inner rings of h subunits (a 7 h 7 h 7 a 7 ). The same architecture was found for eukaryotic proteasomes [37, 38] . Molecular biological studies in yeast provided evidence that the eukaryotic proteasome contains seven different a type subunits and seven different h type subunits [39] . Genetic studies also gave first evidence that the proteolytic activity of the proteasome resides in the h type subunits [1, 40, 41] , a fact shown later biochemically for the Thermoplasma proteasome [42] . Electron tomographic studies laid the basis for our knowledge of the structural buildup of the 20S proteasome [43] : It is a barrel-shaped complex with three cavities, whereby the two outer cavities are jointly formed by one a and one h subunit ring and the inner cavity is formed by the two h rings. Based on this intriguing structure and because the proteasome degrades target proteins with high specificity, the proposal was made that after unfolding degradation of the substrate proteins occurred in the inner cavity of the proteasome barrel [44] , a prediction which was later proven to be correct [45] . Elucidation of crystal structures, first of the Thermoplasma proteasome [46] and later of the yeast proteasome [47] , was a further breakthrough leading to a more detailed understanding of this proteolytic machine. These structural studies and simultaneous genetic studies identified the proteasome as an Ntn (N-terminal nucleophile)-hydrolase with threonine as the N-terminal active nucleophile [46] [47] [48] . They furthermore uncovered three different h subunits conferring diverse proteolytic activities, the trypsin-like, the chymotrypsin-like and the peptidylglutamyl-peptide cleaving (acidic) activity, to the eukaryotic proteasome [47, 49, 50] . Additional work could define the role of proteasome complexes in the degradation of ubiquitin-tagged proteins, which had remained an enigma for many years. In vitro studies led to the purification of two high molecular mass proteases of 20S and 26S whereby the latter species was able to degrade ubiquitinated lysozyme [31, 51, 52] . The 20S protease was shown to be actually a subcomponent of the ATP-dependent 26S protease [30] . As with the discovery of the physiological function of ubiquitin [8] , yeast genetics provided the breakthrough in the understanding of the in vivo function of the proteasome: A mutational defect in the chymotrypsin like activity of the complex resulted in the accumulation of ubiquitinated proteins in cells, giving in vivo evidence that this proteolytic machine is central for the cellular degradation of ubiquitintagged proteins [1] . Use of yeast mutants carrying defects in the proteasomal activity quickly uncovered several, in the meanwhile numerous, ubiquitin-proteasome-dependent, cellular processes [41, [53] [54] [55] [56] [57] [58] [59] . The discovery of the central importance of the proteasome in cellular regulation and the lack of easy access to genetic studies in mammalian cells subsequently initiated the development of inhibitors of the enzyme complex, which proved highly useful in mammalian cell research to uncover ubiquitin-proteasome-triggered processes and even serve as potential therapeutic agents in severe human diseases [60] [61] [62] . Until today, the proteasome has been found to be central and indispensable in the regulation of a multitude of cellular processes (Fig. 1 ).
The 20S core complex of the nanomachine
The regulatory action of proteolysis in the control of cell functions requires a very high degree of specificity and selectivity, not known from bordinaryQ proteases. The evolution of the eukaryotic 26S proteasome has led to a new dimension in the use of proteolysis and to a proteolytic machine, which adheres to these requirements via two entities: the 20S core particle [33, 35, 36, 39, [46] [47] [48] [49] [50] 53 ] and the 19S regulatory particle (19S cap, PA700) [63] [64] [65] [66] [67] [68] [69] [70] . Selectivity is achieved by both entities: While the 19S cap recognizes the substrates selectively, the catalytic 20S core particle is only able to degrade unfolded substrates, excluding native, folded proteins. Selectivity and specificity of the 20S core particle are achieved through the unique architecture of the particle: It resembles a cylinder or barrel with the proteolytically active sites residing in the inner core of the cylinder. Such bchamberedQ protease complexes of different composition have been found in many organisms including bacteria [71] [72] [73] [74] . The ancestor of the eukaryotic 20S proteasome is the eubacterial and archaebacterial proteasome. The architectural characteristic of this particle is its composition of four seven-numbered rings, with two outer rings containing a subunits and two central rings composed of h subunits [35, 36, 46, 65] . Only the h subunits carry the active sites and in bacteria each h subunit is active amounting to 2Â7 identical active sites in these prokaryotic proteasomes [46, 48, 65] . The inactive a subunits have evolved from the h subunits [75] . The 2Â7 a subunits forming the two outer rings are also identical in these prokaryotes [46, 65] . In an early period in the evolution of eukaryotes [75] , the sequences of both a and h subunits of the 20S proteasome have diversified leading to seven distinct protein subunits each (Fig. 2) . Interestingly, during this process the number of active site h subunits has been reduced to three yielding six active site h subunits in the eukaryotic proteasome (Fig. 2) . In parallel, the rather broad amino acid specificity of the archaeal h subunits has been narrowed down to three more distinct specificities, which are characterized as chymotrypsin-like, trypsin-like and peptidyl-glutamyl-peptide hydrolyzing activity, the latter cleaving after acidic amino acids [39, 47, 49, 76] . In yeast the subunits of the proteasome are encoded by 14 individual genes [39] . In mammals, three additional g interferon inducible genes exist, which encode active h-type variants (h1i/LMP2, h2i/MECL-1 and h5i/LMP7). Incorporation of these subunits in place of the constitutive h1, h2 and h5 subunits results in the formation of a proteasome subtype, the immunoproteasome, responsible for the generation of antigenic peptides presented by the MHC class I complex [77, 78] . Isoforms of a and h type subunits found in Drosophila and plants indicate, in addition, that besides proteasomes with general functions, subtypes may exist that fulfill species and cell-specific roles in these organisms [79, 80] . Elucidation of the X-ray structure of the Thermoplasma proteasome yielded the principles of interaction between the different subunits and identified the active site in the h-type subunit [46] : a and h subunits contain a common fold characterized by a sandwich of two h sheets (Fig. 3) . Each h sheet consists of five strands, which are surrounded by two a helices, H1, H2 and H3, H4 on each side: H1 and H2 build the contacts between the a and h rings, H3 and H4 mediate the interaction between h rings. The N-terminally located HO helix of the a subunits is replaced by a pro-sequence in the h subunits, which is cleaved off during proteasome assembly. The basic subunit fold found in the Thermoplasma proteasome is conserved in the eukaryotic proteasome [47, 81] . However, eukaryotic proteasome subunits contain additional structures including C-terminal extensions and internal loops. These moieties most likely determine the fixed a 1 to a 7 and h 1 to h 7 subunit arrangement. Differences found between the yeast [47] and the mammalian [81] subunit structures may be related to the flexibility of the mammalian proteasome to assemble as different subtypes containing either constitutive or inducible subunits.
The barrel of the 20S proteasome measures 15 nm in length and 11 nm in diameter. The a 7 h 7 h 7 a 7 architecture leads to the formation of three chambers in the 20S particle: the catalytic chamber of about 84 nm 3 formed by the h rings and the two antechambers formed by one a and one h ring of about 59 nm 3 [46, 47] (Fig. 4) . The size of the antechambers indicates that they can accommodate a considerable amount of protein substrate or degradation products. The active sites in the catalytic chamber can only be reached by two axial pores of about 2 nm formed by the a subunits on each end of the cylindrical barrel. This pore dimension ensures that only unfolded polypeptides (single strands or double stranded hairpin loops) can enter the catalytic center of the proteasome. In addition, access to the channel is gated: Access to the interior is only possible after rearrangement of the N-terminal HO helices of the a subunits [82, 83] . Opening of the gates is thought to be induced by docking of regulatory particles, the 19S cap complexes or the PA28/11S activator, which is involved in proteasomal antigen processing [82, 84] .
X-ray studies [46, 47] and genetics [48, 49, 76] assign proteasomes to an enzyme family designated as Ntnhydrolases. All active h subunits carry an N-terminal threonine residue as nucleophile. They all are synthesized as precursors, which upon assembly of the particle undergo autolytic processing by this liberating Thr1. The three eukaryotic active h subunits are h1 (in yeast Pre3) carrying the acidic (peptidyl-glutamyl-peptide splitting) activity, h2 (in yeast Pup1) carrying the trypsin like activity and h5 (in yeast Pre2) harboring the chymotrypsin like activity [47, 49, 50, 76] (Fig. 2) . Proteolysis of substrates by the proteasome is processive. As found by studies on the yeast proteasome, the length of the majority of detectable peptides generated by proteasomal degradation is between four and fourteen amino acids [85] . Genetic studies established a hierarchy of the active sites in proteasomal proteolysis and their importance for cell growth: the chymotrypsin-like activity provided by the h5 subunit is the most important, followed by the trypsin-like activity provided by h2 and the acidic activity provided by h1 being the least important. This hierarchy is substantiated by the finding that h5h1 and h2h1 double mutants of yeast are viable, while h5h2 double mutants are not [49, 86] ; for detailed review see Ref. [87] . The dominance of the chymotrypsin like activity of h5 for proteasomal function was made use of in numerous studies in mammalian cells: Inhibitors blocking this activity were instrumental in the discovery of proteasome functions in these cells [60, 61, 88] .
Our knowledge about the assembly of the eukaryotic 20S proteasome structure is still limited. In contrast to the archaeal proteasome where a and h rings are composed of seven identical subunits, the eukaryotic 20S proteasome is made up from seven different a and seven different h subunits, which have to be placed in exact order. This requires exact information in each of the subunits. The early steps in the assembly of the eukaryotic 20S proteasome are unknown. The first intermediates of mammalian bhousekeepingQ proteasomes detected so far consist of one a 7 ring to which the h2, h3 and h4 subunits are attached. In case of immunoproteasomes-which are formed upon g interferon induction and, instead of the constitutive active site h subunits, contain h1i, h2i and h5i-the first intermediate found contains also a complete a 7 ring and, besides h3 and h4, has h1i and h2i attached to it. In both cases, the next intermediate found is a half-proteasome with one a 7 ring and the h 7 ring completed. This is also the first detectable intermediate in the assembly of yeast proteasomes. In addition, this structure contains an assemblydedicated chaperone, Ump1. Until this step the active site h subunits are kept in a protected and dormant state due to the presence of the covalently attached propeptide sequences. By this means, co-translational acetylation and thus inactivation of the N-terminal nucleophile threonine are prevented [86, 89, 90] . Additionally, the cell is protected from erroneous proteolysis by this mechanism. The subsequent assembly of two half-proteasomes to the mature and active a 7 h 7 h 7 a 7 proteasome complex is accompanied by autocatalytic propeptide cleavage resulting in activation of the three active site h subunits and followed by the digestion of the assembly chaperone Ump1 [50,91-97] (for review see, Ref. [87] ). Proteasomes have been found in the cytoplasm, on the cytoplasmic surface of endoplasmic reticulum membranes and in the nucleus of eukaryotic cells [98] . Recent studies implicate that nuclear proteasomes are derived from precursor complexes containing Ump1 and unprocessed h subunits that have been imported into the nucleus via the classical nuclear import pathway [99] .
The 26S nanomachine
The capacity of protein selection in the cell by the proteasome is gained through the 19S regulatory cap complex, which associates with the 20S core to yield the 26S proteasome [63, 64, 66] . Selection of proteasomal substrates by the 19S regulatory particle occurs via the recognition of polyubiquitin chains bound to proteins that are destined to be degraded. This linkage of the 76-aminoacid polypeptide ubiquitin is executed via an ATP-dependent mechanism by which three types of enzymes, ubiquitin activating enzymes E1, ubiquitin conjugating enzymes E2 and ubiquitin-protein-ligases E3, contribute to transfer of the carboxy-terminus of the glycine76 of ubiquitin to the qamino group of a lysine residue or the amino-terminus of the selected protein to form an isopeptide or peptide bond, respectively (Fig. 4) . Further addition of at least three ubiquitin moieties in line at position lysine48 of ubiquitin destines the protein for proteasomal degradation [8, 53, [100] [101] [102] [103] [104] [105] [106] [107] (Fig. 4) . Interestingly, some rare cases of protein selection and subsequent degradation without polyubiquitin tagging have been uncovered [108] [109] [110] . The 19S regulatory complex (19S cap) has been intensively dissected; for review, see Refs. [63, 64] . The 19S regulatory particle of yeast, which is the most thoroughly studied [111] , is composed of at least 17 different subunits. The 19S cap can be split into two different subcomplexes, base and lid (Fig. 4) . Both subcomplexes are linked to each other via subunit Rpn10 (S5a in mammals) (Rpn, regulatory particle non-ATPase). The base is composed of a ring of six different ATPase subunits of the AAA-type (Rpt1 to Rpt6; Rpt, regulatory particle triple A protein), which dock onto the a rings on both ends of the 20S core and two additional non-ATPase subunits, Rpn1 and Rpn2. The lid is built up from eight different subunits, Rpn3 and Rpn5 to Rpn11 [111] (Fig. 4) .
The 19S regulatory particle has to perform a set of functions: (1) It has to recognize and bind selectively the protein substrates prone to degradation; (2) these substrates have to be unfolded; (3) the ubiquitin chains have to be cleaved off the polyubiquitinated proteins; (4) the gates formed by the a subunits on each side of the 20S proteasome have to be opened; and (5) the unfolded substrates have to be driven into the proteolytic chamber of the 20S cylinder for degradation (Fig. 5) . Our knowledge of these functions is far from complete and their elucidation is under intensive investigation. It has been shown that two subunits of the proteasome are able to bind polyubiquitinated substrates, Rpn10 and the ATPase subunit Rpt5 [70, [112] [113] [114] [115] [116] . As Rpn10 can be deleted in yeast without severe growth defects [116] , it cannot serve as the major recognition subunit of polyubiquitinated proteins. Rpt5 is a member of the ATPase ring in the 19S base. Its precise function in the recognition process is not known yet. It may serve as an individual binding unit of some selected proteins. However, the ATPase ring must have major tasks in the transmission of the selected proteins into the proteolytic core of the proteasome. Therefore, it seems to be reasonable that the Rpt5 subunit tethers all selected substrates for their final preparation independent of the nature of the first steps of substrate binding and delivery. This hypothesis might be supported by the fact that Rpt5 also binds the best-known non-ubiquitinated substrate of the proteasome, ornithine decarboxylase, via a domain that imitates ubiquitin [109] .
Recently, additional players implicated in the delivery of ubiquitinated substrates to the proteasome have been elucidated. bAdaptorQ molecules bfishingQ for ubiquitinated substrates in the cell might be responsible for final transmission of these substrate species to the proteasome holoenzyme complex. These proteins include Dsk2, Rad23 (hPlic-1, hPlic-2 and hHR23A, hHR23B in mammalian cells) and probably Ddi1. The prominent feature of Dsk2, Rad23 and Ddi1 rests in the fact that they contain two different types of domains, which make them breceptorQ candidates: ubiquitin-associated (UBA) and ubiquitin-like (UBL) domains. UBA domains can bind polyubiquitin and polyubiquitinated proteins; UBL domains can interact with the proteasome. Indeed, a multitude of studies indicate such an badaptorQ or breceptorQ function for Dsk2 and Rad23 and show their involvement in the degradation of polyubiquitinated proteins in vivo [112, 114, 115, [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] . Docking of Rad23 and Dsk2 onto the proteasome seems to occur at the base subunit Rpn1 via a leucine-rich-repeat (LRR)-like domain [115, 127, 131] . Former studies reported a binding of hHR23 [133] and PliC [118] to Rpn10 of the mammalian proteasome. Whether this reflects a difference between proteasomes of yeast and mammalian cells has to be validated in future studies. Diverse adaptors might define different delivery pathways to the proteasome [126, 128] . Examples of this are the requirement of Dsk2 and Rad23 for ER-associated, proteasomal degradation of a malfolded ERprotein, CPY*, a process which is dependent on the Cdc48-Ufd1-Npl4 complex, but not for proteasomal degradation of a CPY* species localized to the cytoplasm, elimination of which is independent of the trimeric Cdc48 complex [126] . Similarly, differences in the adaptor requirement for proteasomal degradation of different cell cycle proteins were shown [128] .
Another bdeliveryQ factor of polyubiquitinated proteins to the mammalian proteasome is BAC-1, an UBL domain containing protein, which in concert with CHIP, an ubiquitin-protein-ligase, associated with the chaperone Hsc70/Hsp70, targets proteins to the 26S proteasome [134, 135] [see C. Esser et al., this journal issue]. Another example for the diversity of delivery mechanisms of proteins to the proteasome is Ufd4 (ubiquitin fusion degradation), an E3 ubiquitin-protein ligase, which modifies certain proteins. Binding of this E3 to the proteasome was found to be a prerequisite for the degradation of Ufd4 target proteins [136] .
Matters may become even more complicated as a variety of additional proteasome binding proteins have been found [137] [138] [139] . Cic1 of yeast, interacting with the a subunit Pre6/a4 and binding only to fully assembled 26S proteasomes, is thought to be an adaptor protein that specifically links the instable SCF-ligase components Cdc4 and Grr1 to this nanomachine for degradation [139] . Another prominent proteasome binding protein is the ubiquitin-protein ligase Hul5 (Hect ubiquitin ligase 5) of yeast [137, 138] . The exact function of Hul5 in the delivery of selected proteins to the 26S proteasome remains unclear. It may polyubiquitinate substrates that without previous ubiquitination have already been selected. Alternatively, Hul5 may extend polyubiquitin chains of already ubiquitin-tagged substrates to tether them tighter to the proteasome or modify existing polyubiquitin chains to modulate the recognition process or accelerate degradation [137] .
In addition to adaptors, in yeast and mammalian cells ubiquitin-specific proteases, UBPs, have been found associated with the 26S proteasome. Removal of the polyubiquitin chain from the selected proteins prior to degradation is an essential process. The process of substrate deubiquitination is coupled to substrate binding and transmission. Several different deubiquitinating activities have been found that physically interact with the proteasome: Doa4/Ubp4 [140] , Ubp6/USP14 [138, 141] , UCH37 (not found in Saccharomyces cerevisiae) [142, 143] and Rpn11/ POH1 [144, 145] . Whereas Rpn11/POH1 is an intrinsic subunit of the 19S lid complex carrying a Zn 2+ metallopeptidase-like activity [144] [145] [146] [147] , Doa4/Ubp4, Ubp6/ USP14 and UCH37 are cysteine proteases, which more or less transiently bind to the proteasome. These enzymes show partially overlapping properties. They may provide very specific layers of regulation to the process of proteasomal substrate degradation. Rpn11/POH1 can release intact polyubiquitin chains from substrates. This process is ATP-dependent in vivo pointing to the fact that polyubiquitin elimination is coupled to correct positioning of the substrate for cleavage. Ubp6/USP14 and Doa4/Ubp4 might recycle ubiquitin from ubiquitin conjugates [141, 148] . Ubp6/USP14 might function preferentially on bless commonQ ubiquitin chains, which possibly have been generated by proteasome-bound ubiquitin-protein ligases (E3s) as is Hul5 [138] . An interplay between proteasomebound E3s and ubiquitin hydrolases might tune the process of substrate unfolding and the speed of substrate degradation. Coaction of proteasome-associated deubiquitination and re-polyubiquitination of a protein might furthermore provide a mechanism of bquality controlQ and decide between the protein's degradation and rescue. Human UCH37, which is an enzyme cleaving ubiquitin residues sequentially from the distal end of a chain, might likewise perform a bhelperQ or regulatory function in the substrate degradation process at the proteasome [143] .
It seems reasonable that the polyubiquitin tag of a substrate protein is removed subsequent to initiation of its unfolding and transmission into the 20S cylinder. Due to the narrow gate of the 20S proteasome, which at the most tolerates concurrent entry of three stretches of polypeptide chains [149] [150] [151] , unfolding has to be initiated prior to destruction. It is thought that this function is provided by individual ATPases Rpt1-Rpt6 of the base of the 19S regulatory particle [152] . Little is known about this process in the eukaryotic proteasome. ATPase complexes of bacterial chambered proteases are able to enhance the rates of model substrate unfolding dramatically (up to 10 7 -fold). Here, signal-dependent coupling of a substrate requires the binding of ATP whereas substrate denaturation needs ATP cleavage [153] [154] [155] [156] [157] . The architecture of the bacterial chambered proteases with their distal ATPase rings and the proteolytic chamber connected through central pores is similar to the eukaryotic 26S proteasome [158] [159] [160] [161] . This architecture indicates an unfolding mechanism whereby the substrate structure is disrupted by an ATP-consuming push or pull mechanism, which drives the substrate through the pore of the complex. After engagement of a loosely folded region of the substrate polypeptide chain with the protease complex, multi-domain proteins are sequentially unwound by peeling off sequence elements from each structured domain as they are encountered. This process occurs in a highly cooperative fashion. It is clear that local, not global, protein stability determines how much work is needed for unfolding. Denaturation and translocation of the polypeptide chain are physically nonseparable events. Both operations, unfolding and translocation, require a large amount of energy in the form of ATP hydrolysis. The tightness of a local substrate domain determines the amount of ATP hydrolysis and consequently the speed of unfolding and translocation [157, 162, 163] . In contrast to the bacterial chambered proteases, the eukaryotic 26S proteasome contains six structurally different ATPases, which seem to execute distinctly different functions [152] . The function of one of these, Rpt2, has been linked to the process by which the gates of the 20S proteasome are opened by the displacement of the N-terminal sequences of a subunits, allowing entry of unfolded proteins into the antechamber [82, 83, 152, 164] . Clearly, the base of the 19S regulatory particle of the proteasome harbors an inherent chaperonelike activity capable to fold proteins [165] . The composition of the ATPase ring docking onto the 20S proteolytic machinery is very distinct from bacterial chambered proteases as is the rest of the regulatory particle. Nevertheless, it seems very likely that the unfolding mechanism of the 26S proteasome is strongly similar to its bacterial counterparts [151, 166, 167] . Reversible association of the substrate through the polyubiquitin chain or via another targeting factor, followed by a more stable binding of a loosely folded region of the substrate polypeptide, might probably initiate mechanical unfolding. The directionality of a substrate's degradation, starting from either the C-or the N-terminus, depends on the presence of an unstructured region, which serves as the initiation site. Also, endoproteolytic cleavage of natively disordered protein loops is possible (Fig. 5) , which explains the molecular mechanism of the proteasomes' ability to perfom endoproteolytic cleavage and release of active transcription factors from inactive precursors [149, [168] [169] [170] [see M. Rape and S. Jentsch, this journal issue].
Ubiquitinated substrates are first bound via the polyubiquitin tag followed by unfolding at a unstructured region [167] . Two elements of the 19S regulatory complex are envisaged to function coordinately: The ATPase ring, which grabs the substrate and through power strokes advances it stepwise downstream into the 20S proteasome, and an upstream site within the 19S regulatory complex, which forms a restricted translocation passageway forcing resolution of the substrate's protein native fold. Gly-Ala repeat sequences within the Epstein-Barr virus encoded EBNA1 protein, which most likely assume a random coil configuration [171] , are known to stall proteasomal degradation of EBNA1 by this allowing immune escape of Epstein-Barr virus-infected cells [172, 173] . Recent studies with ornithine decarboxylase containing an insertion of the Gly-Ala repeat motif protein have given additional mechanistic insights into the proteasomal degradation mechanism and have explained why Gly-Ala repeats block degradation of EBNA1 [174, 175] . These experiments made clear that the Gly-Ala repeat acts as a stop-transfer signal in proteasome substrate processing. It is postulated that the ATP motor in the ATPase ring of the proteasome slips when it encounters Gly-Ala repeats, impeding further insertion of the substrate to the degradation center of the 20S core [174] .
Interestingly, very strongly folded protein domains, as for instance the green fluorescent protein, cannot be unfolded by the ATP motor of the proteasome [149] . In vivo unfolding can be achieved by the help of the cytoplasmic chaperone machinery [176] . It is interesting to note that the closed, latent 20S proteasome is able to cleave natively disordered substrates without the help of the 19S regulatory particle [149] . This finding suggests that at least some disordered substrates can also promote opening of the proteasome's gates. It is possible that some disordered substrates contain signaling features, which can target them directly for 20S proteasomal degradation without the need of polyubiquitin modification [149] . In this context, it is interesting that certain hydrophobic peptides activate the proteasomal peptidase activity, most likely by influencing the gates [177] .
Unfolding and transmission of a substrate is followed by its cleavage to small oligopeptide fragments. The immune system of mammalian cells makes use of certain of such peptide products for antigen presentation [77, 178, 179] [see also review by P. Kloetzel, this journal issue]. A regulatory interplay of the 19S regulatory particle and the PA28/11S regulator, a non ATPase complex able to dock onto the 20S proteasome and exerting a role in the generation of peptides presented by the major histocompatibility (MHC) class I complex [84, [180] [181] [182] [183] , might be important for the production of peptides, which are well suited for antigen presentation. Nevertheless, the majority of proteasome generated peptides must be degraded further by a peptidase system in the cytosol [184] . Indication exists that release of peptides may depend on control of the 20S proteasomal gates [82, 164] .
Even though the last 20 years have given considerable insight into the structure, function and degradation mechanism of the 26S proteasome, there is a lot more to learn in the years to come to understand this cellular nanomachine completely. Still, the different modes of delivery and binding of polyubiquitinated substrates to the 26S proteasome are not well understood. Furthermore, the function of proteasome-bound ubiquitin-protein ligases and deubiquitinating enzymes has to be defined in more detail. It has to be clarified whether they are involved in protein selection, regulation of protein degradation or speed of degradation or whether they have other tasks. In this context, it is of interest to note that tight binding of a substrate via an artificially engineered linkage to the proteasome is able to circumvent polyubiquitination but leads to its degradation [185] , showing that linkage of substrates to the proteasome is a major task of ubiquitin chains. This finding, however, does not exclude that the ubiquitination-deubiquitination machinery possesses additional functions in the proteasomal degradation process beyond substrate tethering. Further unsolved questions are: What are the individual functions of the six different ATPases Rpt1-Rpt6? What are the exact mechanisms and players in the 19S regulatory particle for substrate protein binding, unfolding and translocation? What are the functions of the different Rpn-subunits of the 19S regulatory particle? How does gating regulate speed of protein degradation and quality of the peptide products? These and probably many more questions, which will appear during research on this vital cellular nanomachine, will keep the scientific community busy for the next decade.
